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METHOD FOR PREPARATION OF A
THERMAL SPRAY COATED SUBSTRATE
FOR USE IN AN ELECTRICAL ENERGY

STORAGE DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a divisional of application Ser. No.
09/020,717, filed Feb. 9, 1998, now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to an electrical
energy storage device, and more particularly, to a substrate
provided with a thermal spray generated pseudocapacitive
coating for incorporation mto an electrical energy storage
device. Still more particularly, the present invention pro-
vides a thermal spray generated porous, high surface area
metal oxide, metal nitride, metal carbon nitride or metal
carbide coating on a conductive foil for use in a capacitor,
an electrochemical cell and the like. Thermal spray pro-
cesses mclude both chemical combustion spraying and elec-
tric heating spraying, using both wire and powder forms of
active materials.

2. Prior Art

In redox active structures, energy storage occurs during a
change 1n the oxidation state of the metal when an 1onic
species from a conducting electrolyte, for example a proton,
reacts with the surface or bulk of the oxide. This chemi-
sorption 1s accompanied by the simultancous mcorporation
of an electron into the oxide. The surface (or bulk) interac-
fion between the electrode and electrolyte gives rise to
capacitance in the hundreds of uF/sq.cm. It follows that an
clectrode with high specific surface area will store a signifi-
cant amount of energy and will have a large specific capaci-
tance. These electrodes are then appropriate when used as
the anode and/or cathode 1n electrochemical capacitors or as
cathodes 1n electrolytic capacitors, which require high spe-
cific capacitances.

Whether an anode or a cathode in an electrochemical
capacitor or the cathode in an electrolytic capacitor, a
capacitor electrode generally includes a substrate of a con-
ductive metal such as titanium or tantalum provided with a
semiconductive or pseudocapacitive oxide coating, nitride
coating, carbon nitride coating, or carbide coating. The prior
art describes various methods of contacting the substrate
with those types of active materials. Commonly used tech-
niques include dipping and pressurized air atomization
spraying of the active material onto the substrate. Capaci-
tance values for electrodes made by dipping, pressurized air
atomization spraying and sputtering are lower 1n specific
capacitance. Sol-gel deposition 1s another conventional
method of coating the substrate. Additionally, it 1s excep-
tionally difficult to accurately control the coating morphol-
ogy due to the controllability and repeatability of the various
prior art techniques, which directly impacts capacitance.

Therefore, while electrochemical capacitors provide
much higher energy storage densities than conventional
capacitors, there 1s a need to further increase the energy
storage capacity of such devices. One way of accomplishing
this 1s to provide electrodes which can be manufactured with
repeatably controllable morphology according to the present
invention, 1n turn benefiting repeatably increased effective
surface areas. In the case of a ruthenium oxide cathode, the
coating according to the present invention 1s formed by
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thermal spraying a highly porous, high surface area
pseudocapacitive film of ruthenium oxide onto the substrate.

SUMMARY OF THE INVENTION

The present mvention, therefore, describes the thermal
spray deposition of a metal-containing pseudocapacitive
active material onto a conductive substrate. Thermal spray-
ing 1s defined as any process 1n which particles are heated to
a molten or plastic state and propelled onto a substrate to
form a coating thereon. This includes chemical combustion
spraying and electrical heating spraying, using both wire and
powder processes. Thus, the present invention includes
heating and projecting particles of an active material onto a
prepared electrode substrate using a thermal spraying pro-
cess to thereby provide an electrode component for an
energy storage device such as a capacitor or an electro-
chemical cell and the like.

Thermal spray coatings of electrode active material usu-
ally exhibit two common features in the as-deposited
condition, a sandpaper-like surface finish and a structure
with 1nherent porosity. In that respect, thermal spray coating,
a pseudocapacitive active material onto a substrate provides
a relatively low density, porous structure. This advanta-
ogecously benefits the specific surface area which 1n turn
benefits energy storage capacity and energy storage density
and ultimately discharge efficiency. Therefore, the capaci-
tance of pseudocapacitors can be further improved by using
an electrode comprising a conductive substrate coated with
a thermal spray deposited porous film to 1ncrease the surface
arca of the electrode.

These and other aspects of the present invention will
become more apparent to those skilled 1n the art by reference
to the following description and the appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic of a unipolar electrode configuration
for use 1n an electrochemical capacitor.

FIG. 2 1s a schematic of a bipolar electrode configuration
for use 1n an electrochemaical capacitor.

FIG. 3 1s a schematic of a hybrid capacitor according to
the present invention.

FIG. 4 1s a schematic of a spirally wound configuration for
use 1n a electrochemical capacitor.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Known thermal spraying processes may be classified into
two groups namely, chemical combustion spraying pro-
cesses and electric heating spraying processes. Chemical
combustion spraying processes 1nclude powder flame
spraying, wire/rod flame spraying, high velocity oxygen fuel
flame spraying and detonation/explosive flame spraying.
Electrical heating spraying processes include electric-arc or
twin-wire arc spraying and plasma spraying. The two groups
of spraying processes are generally delineated by the meth-
ods used to generate heat to plasticize and/or atomize the
pseudocapacitive active material. In general, flame sprayed
coatings exhibit lower bond strengths, higher porosity, a
narrower working temperature range and a higher heat
transmittal to the substrate than electric-arc and plasma
sprayed coatings.

Depending on the process used, the pseudocapacitive
material begins as a powder, solution or a wire of the active
material. The powder, solution or wire form of the pseudoca-
pactive material intended to be thermal spray contacted to
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the substrate preferably contains molar proportions of the
active material 1n substantially the stoichiometric ratio
needed to form the desired coating.

Powder flame spraying involves the use of a powder flame
spray gun consisting of a high-capacity, oxygen-fuel gas
torch and a hopper containing the pseudocapacitive active
material 1n powder or particulate form. A small amount of
oxygen from the gas supply 1s diverted to carry the pow-
dered active material by aspiration into the oxygen-fuel gas
flame where the powder 1s heated and propelled by the
exhaust flame onto the substrate workpiece. The fuel gas 1s
usually acetylene or hydrogen and temperatures 1n the range
of about 3,000° F. to 4,5000° F. are typically obtained.
Particle velocities are on the order of about 80 to about 100
feet per second. The coatings produced generally have low
bond strength, high porosity and low overall cohesive
strength.

Wire/rod flame spraying utilizes a wire of the pseudoca-
pacative active material that 1s continuously fed into an
oxy-acetylene flame where the wire 1s melted and atomized
by an auxiliary stream of compressed air and then deposited
as the coating of active material on the substrate. This
process also lends 1tself to use of plastic tubes filled with the
pseudocapacitive active material 1n a powder form.

High velocity, oxygen fuel flame spraying 1s a continuous
combustion process that produces exit gas velocities esti-
mated to be about 4,000 to about 5,000 feet per second and
particle speeds of about 1,800 to about 2,600 feet per
second. This is accomplished by burning a fuel gas (usually
propylene) with oxygen under high pressure (60 to 90 psi)
in an 1nternal combustion chamber. Hot exhaust gases are
discharged from the combustion chamber through exhaust
ports and thereafter expanded in an extending nozzle.
Pseudocapacitive active powder or solution 1s fed axially
into the extending nozzle and confined by the exhaust gas
stream until the active material exits 1n a thin high speed jet
to produce coatings which are more dense than those pro-
duced by powder flame spraying.

A modified flame spraying process 1s referred to as a flame
spray and fuse process. In this process, the pseudocapacitive
component 1s prepared by coating a pseudocapacitive active
material onto the substrate using one of the above described
flame spraying processes followed by a fusing step. Fusing
1s accomplished by one of several techniques such as flame
or torch, induction, or 1n vacuum, inert or hydrogen fur-
naces. Typical heating times for oxides may range from
about one-half hour to about six hours.

More preferably, after spraying the coated substrate 1s
then heated to a temperature of about 100° C. to 300° C.,
preferably about 250° C. for about one hour, followed by a
further heating at a temperature of about 250° C. to 400° C.,
preferably about 300° C. for about two hours. This is
immediately followed by a further heating at a temperature
of about 350° C. to about 800° C., preferably about 400° C.
for about two hours and fifteen minutes. While this three step
heating protocol 1s preferred for fusing the pseudocapacitive
material to the substrate, 1t 1s contemplated by the scope of
the present 1nvention that fusing may take place by a two
step or a four step or more heating protocol.

Alternatively, the temperature i1s slowly and steadily
ramped up, for example, at about 1° C./minute, preferably
about 6° C./min. until the temperature reaches a temperature
of about 100° C. to 800° C., preferably about 400° C. where
the temperature 1s maintained for a time sufficient to allow
the pseudocapacitive material to completely fuse to the
substrate. Upon completion of the heating protocol, the
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heated and coated substrate 1s allowed to slowly cool to
ambient temperature. In general, 1t 1s preferred to conduct
this heating while contacting the substrate with air or an
oxygen-containing gas. In that respect, the substrate material
for the capacitor electrode needs to be able to withstand this
temperature range.

Alternatively, the pseudocapacitor metal may be con-
tacted to a substrate heated to a temperature to instanta-
neously fuse the pseudocapacitive material thereto. In that
case, the substrate is at a temperature of about 100° C. to
800° C., preferably about 400° C., as the pseudocapacitive
material 1s deposited on the substrate. Again, upon comple-
tion of fusing, the heated and coated substrate 1s allowed to
slowly cool to ambient temperature.

In contrast to the previously described thermal spray
processes, 1.€., powder flame spraying, wire/rod flame spray-
ing and high velocity, oxygen fuel flame spraying, which
utilize the energy of a steady burning flame, the detonation/
explosive flame spraying process uses detonation waves
from repeated explosions of oxyacetylene gas mixtures to
accelerate the powered pseudocapacitive active material
onto the substrate. Particulate velocities on the order of
2,400 feet per second are achieved and the pseudocapacitive
active material coating deposits are extremely strong, hard,
dense and tightly bonded.

As previously discussed, the other type of thermal spray-
ing useful for coating a substrate with a pseudocapacitive
coating 1s electrical heating thermal spraying. One such
clectrical heating thermal spraying process 1s referred to as

the electric-arc or twin-wire arc spraying process and uses
two consumable wires of pseudocapacitive active material.
The wires are 1mifially msulated from each other and simul-
taneously advanced to meet at a focal point in an atomizing
cgas stream. Contact tips serve to precisely guide the wires
and to provide good electrical contact between the moving,
wires and power cables. Heating 1s provided by means of a
direct current potential difference applied across the wires to
form an arc that melts the intersecting wires. A jet of gas
(normally compressed air) shears off molten droplets of the
melted pseudocapacitive active material and propels this
material onto the substrate. Sprayed pseudocapacitive active
material particle sizes can be changed with different atom-
1zing heads and wire intersection angles. Direct current 1s
supplied at potentials of about 18 to 40 volts, depending on
the pseudocapacitive active material to be sprayed; the size
of particle spray increasing as the arc gap 1s lengthened with
rise 1n voltage. Voltage 1s therefore maintained at a higher
level consistent with arc stability to provide larger particles
and a rough, porous coating that 1s suitable for chemisorp-
fion of the 1ons produced by oxidation of the counter-
electrode. Because high arc temperatures (in excess of about
7,240° F.) are typically encountered, twin-wire arc sprayed
coatings have high bond and cohesive strength.

Plasma spraying involves the passage of a gas or a gas
mixture through a direct current arc maintained 1n a chamber
between a coaxially aligned cathode and water-cooled
anode. The arc 1s 1nitiated with a high frequency discharge
that partially 1onizes the gas to create a plasma having
temperatures that may exceed 30,000° F. The plasma flux
exits the gun through a hole in the anode which acts as a
nozzle and the temperature of the expelled plasma effluent
falls rapidly with distance. Powdered pseudocapacitive
active material feed-stock 1s introduced into the hot gaseous
cffluent at an appropriate point and propelled to the work-
piece by the high velocity stream. The heat content, tem-
perature and velocity of the plasma gas are controlled by
regulating arc current, gas flow rate, the type and mixture
ratio of gases and by the anode/cathode configuration.
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The substrate to be contacted with the pseudocapacitive
coating preferably consists of a conductive metal such as
fitantum, molybdenum, tantalum, niobium, cobalt, nickel,
stainless steel, tungsten, platinum, palladium, gold, silver,
copper, chromium, vanadium, aluminum, zirconium,
hafnium, zinc and 1ron, and the like, and mixtures and alloys
thereof.

Regardless of the material of the substrate, coatings rely
mostly upon mechanical bonding to the substrate surface. It
1s, therefore, critical that the substrate surface to be coated
1s properly prepared to ensure coating quality. For one,
substrate surface cleanliness 1s very important in all coating
systems, especially 1in pseudocapacitive coatings. In that
respect, 1t 1s required that the substrate surface remain
uncontaminated by lubricants from handling equipment or
body oils from hands and the like. Substrate cleaning
includes chemical means such as conventional degreasing
freatments using aqueous and nonaqueous solutions, as well
known to those skilled in the art. Plasma cleaning 1s also
contemplated by the scope of the present invention.

After substrate surface cleaning, surface roughness 1s the
next most critical factor for properly applying a pseudoca-
pacitive coating. The substrate to be coated may be rough-
ened by chemical means, for example, by contacting the
substrate with hydrofluoric acid and/or hydrochloric acid
containing ammonium bromide and methanol and the like,
by plasma etching, and by mechanical means such as
scraping, machining, wire brushing, rough threading, grit
blasting, a combination of rough threading then grit blasting,
and abrading such as by contacting the substrate with
Scotch-Brite™ abrasive sheets manufactured by 3M.

It 1s further contemplated by the scope of the present
invention that, if desired, the electrical conductivity of the
substrate 1s 1mproved prior to coating. Metal and metal
alloys have a native oxide present on their surface. This 1s a
resistive layer and hence, 1f the material 1s to be used as a
substrate for a capacitor electrode, the oxide 1s preferably
removed or made electrically conductive prior to deposition
of a pseudocapacitive coating thereon. In order to improve
the electrical conductivity of the substrate, various tech-
niques can be employed. One 1s shown and described in U.S.
Pat. No. 5,098,485 to Evans, the disclosure of which i1s
hereby incorporated by reference. A preferred method for
improving the conductivity of the substrate includes depos-
iting a minor amount of a metal or metals from Groups IA,
IVA and VIIIA of the Periodic Table of Elements onto the
substrate. Aluminum, manganese, nickel and copper are also
suitable for this purpose. The deposited metal 1s then “inter-
mixed” with the substrate material by, for example, a high
energy 1on beam or a laser beam directed towards the
deposited surface. These substrate treating processes are
performed at relatively low temperatures to prevent sub-
strate degradation and deformation. Additionally, these
freating processes can be used to passivate the substrate
from further chemical reaction while still providing
adequate electrical conductivity. For additional disclosure
regarding improving the electrical conductivity of the sub-
strate prior to deposition, reference 1s made to U.S. patent
application Ser. No. 08/847,946 entitled “Method of
Improving Electrical Conductivity of Metal, Metal Alloys
and Metal Oxides”, which 1s assigned to the assignee of the
present invention and incorporated herein by reference.

The thermal spray coated substrate of the present inven-
tion consists essentially of a porous film coating (not shown)
including the oxide of a first metal, the nitride of the first
metal, the carbon nitride of the first metal and/or the carbide
of the first metal, the oxide, nitride, carbon nitride and
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carbide of the first metal having pseudocapacitive proper-
ties. The first metal 1s preferably selected from the group
consisting of ruthenium, cobalt, manganese, molybdenum,
tungsten, tantalum, 1ron, niobium, iridium, ftitanium,
zirconium, hafnium, rhodium, vanadium, osmium,
palladium, platinum, and nickel. For example, in the case
where 1t 1s mntended that the resulting pseudocapacitive film
1s an oxide of one of the above listed first metals, the
deposited mixture can include an anhydrous nitrate or an
anhydrous chloride of the metal.

The porous coating may also mclude a second or more
metals. The second metal 1s 1n the form of an oxide, a nitride,
a carbon nitride or a carbide, and 1s not essential to the
intended use of the coated foil as a capacitor electrode and
the like. The second metal 1s different than the first metal and
1s selected from one or more of the group consisting of
tantalum, titanium, nickel, iridium, platinum, palladium,
oold, silver, cobalt, molybdenum, ruthenium, manganese,
tungsten, iron, zirconium, hafnium, rhodium, vanadium,
osmium, and niobium. In a preferred embodiment of the
present mvention, the porous coating includes anhydrous
oxides of ruthenium and tantalum.

It 1s preferred that the resulting porous coating, whether it
be of an oxide, a nitride, a carbon nitride or a carbide, have
a thickness of from about a few hundred Angstroms to about
0.1 millimeters or more. The porous coating has an internal
surface area of about 1 m*/gram to about 1,500 m*/gram,
and the majority of the particles have diameters less than
about 50 microns. In general, the thickness of the substrate
1s typically 1n the range of about 0.001 millimeters to about
2 millimeter and preferably about 0.1 millimeters.

One advantage of the present process 1s that the substrate
may be of substantially any size or shape, and it may be
stationary or movable. Because of the speed of the coating
process, the substrate may be moved across the thermally
oenerated spray to have any or all of its surface contacted
with the pseudocapacitive coating. The substrate 1s prefer-
ably moved 1n a plane which 1s substantially normal to the
direction of flow of the thermally generated spray. In another
embodiment, the substrate 1s moved stepwise along a pre-
determined path to coat the substrate only at certain prede-
termined areas. In another embodiment of the present
process, rotary substrate motion 1s utilized to expose the
surface of a complex-shaped article to the thermally gener-
ated spray. This rotary substrate motion may be effected by
conventional means.

The process of the present invention provides for coating,
the substrate at a deposition rate of from about 0.01 to about
10 microns per minute and, preferably, from about 0.1 to
about 1.0 microns per minute. The thickness of the film
coated upon the substrate may be determined by means well
known to those skilled in the art.

In a preferred embodiment of the present invention, the
as-deposited coating layer consists of non-uniform grains.
The term “as-deposited” refers to the film prior to any
subsequent processing which the coated substrate may
undergo after being contacted with the thermally generated
spray. For example, the fusing step following the previously
discussed flame spraying process 1s a subsequent processing
step of the as-deposited active material.

It 1s preferred that the thermal spraying processes of the
present 1nvention are conducted under substantially atmo-
spheric pressure conditions. As used 1n this specification, the
term “substantially atmospheric” refers to a pressure of at
least about 600 millimeters of mercury and, preferably, from
about 600 to about 1,000 millimeters of mercury. As 1s well
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known to those skilled 1n the art, atmospheric pressure at sea
level 1s 760 millimeters of mercury.

A thermal spray coated substrate according to the present
invention 1s useful as an electrode 1n various types of
clectrochemical capacitors including unipolar and bipolar
designs, and capacitors having a spirally wound configura-
tion. For example, in FIG. 1 there 1s shown a schematic

representation of a typical unipolar electrochemical capaci-
tor 10 having spaced apart electrodes 12 and 14. One of the
clectrodes, for example, electrode 12, serves as the cathode
clectrode and comprises a thermal spray generated coating
16 A of pseudocapacitive material provided on a conductive
plate 18A according to the present invention. For example,
a porous ruthentum oxide film 1s provided on plate 18A
which 1s of a conductive material such as tantalum. The
relative thicknesses of the plate 18A and the pseudocapaci-
five coating 16A thereon are distorted for illustrative pur-
poses. As previously described, the plate 1s about 0.01
millimeters to about 1 millimeter in thickness and the
coating 16A 1s in the range of about a few hundred Ang-
stroms to about 0.1 millimeters thick. The other electrode 14
serves as the anode and 1s of a similar pseudocapacitive
material 16 B contacted to a conductive substrate 18B, as 1n
electrode 12.

The cathode electrode 12 and the anode electrode 14 are
separated from each other by an 1on permeable membrane
20 serving as a separator. The electrodes 12 and 14 are
maintained i1n the spaced apart relationship shown by
opposed 1nsulating members 22 and 24 such as of an
clastomeric material contacting end portions of the plates
18A, 18B. The end plate portions typically are not coated
with a pseudocapacitive material. An electrolyte (not
shown), which may be any of the conventional electrolytes
used 1n electrolytic capacitors, such as a solution of sulturic
acid, potassium hydroxide, or an ammonium salt 1s provided
between and 1n contact with the cathode and anode elec-
trodes 12 and 14. Leads (not shown) are easily attached to
the electrodes 12 and 14 before, during, or after assembly of
the capacitor and the thusly constructed unipolar capacitor
coniliguration 1s housed 1n a suitable casing, or the conduc-
five plates along with the insulating members can serve as
the capacitor housing.

FIG. 2 1s a schematic representation of a typical bipolar
clectrochemical capacitor 30 comprising a plurality of
capacitor units 32 arranged and interconnected serially. Each
unit 32 includes bipolar conductive substrate 34. Porous
pseudocapacitive coatings 36 and 38 are provided on the
opposite sides of substrate 34 according to the present
thermal spray coating processes. For example, a porous
coating of ruthentum oxide film 1s deposited onto both sides
of substrate 34. Again, the thickness of the porous coatings
36 and 38 1s distorted for 1llustrative purposes. The units 32
are then assembled 1nto the bipolar capacitor configuration
on opposite sides of an intermediate separator 40. Elasto-
meric insulating members 42 and 44 are provided to main-
tain the units 32 in their spaced apart relationship. Materials
other than elastomeric materials may be apparent to those
skilled 1n the art for use as insulators 42, 44. As shown 1n the
dashed lines, a plurality of individual electrochemical
capacitor units 32 are interconnected 1n series to provide the
bipolar configuration. The serial arrangement of units 32 1s
completed at the terminal ends thereof by end plates (not
shown), as is well known to those skilled in the art. As is the
situation with the unipolar capacitor configuration previ-
ously described, an electrolyte (not shown) is provided
between and in contact with the coatings 36, 38 of the
capacitor 30.
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FIG. 3 shows a schematic representation of an electrolytic
capacitor 50 having spaced apart cathode electrodes 52, 54,
cach comprising a respective thermal spray deposited coat-
ing 52A, 54A of pseudocapacitive material provided on a
conductive plate 52B, 54B according to the present inven-
tion. The thickness of the porous coatings 52A, 54A 1is
enlarged for clarity. The counter electrode or anode 56 is
intermediate the cathodes 52, 54 with separators 58, 60
preventing contact between the electrodes. The anode 56 1s
of a conventional sintered metal, preferably in a porous
form. Suitable anode metals are selected from the group
consisting of titanium, aluminum, niobium, zirconium,
hafnium, tungsten, molybdenum, vanadium, silicon, germa-
nium and tantalum contacted to a terminal pimn 62. The
hybrid capacitor 50 1s completed by insulating members 64,
66 contacting end portions of the cathode plates. While not
shown, an electrolyte 1s provided to activate the electrodes

52, 54 and 56.

FIG. 4 1s a schematic drawing of another embodiment of
a jelly roll configured capacitor 70, which can be
manufactured, in part, by one of the thermal spray coating
processes according to the present imnvention. Capacitor 70
has a plurality of capacitor units 72, each comprising a
conductive substrate provided with a thermal spray gener-
ated pseudocapacitive coating 74, 76 on the opposed sides
therecof. The coatings can be, for example of ruthenium
oxide, separated from immediately adjacent cells by an
intermediate separator 78. This structure 1s then wound 1n a
jelly roll fashion and housed 1n a suitable casing. Leads are
contacted to the anode and cathode electrodes and the
capacitor 1s activated by an electrolyte 1n the customary
manner.

When a pseudocapactive material 1s thermal spray depos-
ited onto a substrate, the particle size of the active material
can be smaller than that produced by the various prior art
techniques previously discussed. This results 1n greater
control over the manufacturing process in terms of control-
ling the coating morphology from one production run to the
next. Furthermore, the use of a thermal spray deposited
coating on a conductive substrate 1s believed to form an
clectrode for a capacitor according to the present invention
that provides a higher surface area coating than that obtain-
able by the prior art, and thus a higher capacitance electrode.

Thus, 1t 1s apparent to those skilled 1n the art having read
the foregoing description 1n conjunction with the appended
ficures that thermal spraying a psecudocapacitive active
material represents a viable and alternate method of produc-
Ing a capacitor electrode for incorporation mto an electrical

energy storage device such as a capacitor, an electrochemi-
cal cell and the like.

It 1s appreciated that various modifications to the mven-
tive concepts described herein may be apparent to those
skilled 1n the art without departing from the spirit and the
scope ol the present invention defined by the hereinafter
appended claims.

What 1s claimed is:

1. A method for providing a capacitor electrode having
pseudocapacitive properties, comprising the steps of:

a) providing a substrate having a surface to be coated;

b) providing a first pseudocapacitive metal compound
comprising a first metal;

c) contacting the substrate surface with particles of the

first pseudocapacitive metal compound thermal spray
deposited therecon; and

d) heating the substrate to a temperature up to about 800°
C. either just before 1t 1s contacted with the pseudoca-
pacitive metal compound or after being so contacted.
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2. The method of claim 1 including subjecting the coated
substrate to a first heating at a first temperature of about 100°
C. to about 300° C., followed by a second heating to a
second temperature of about 250° C. to about 400° C.,
followed by a third heating to a third temperature of about
350° C. to about 800° C.

3. The method of claim 2 wherein the first heating 1s for
about one hour.

4. The method of claim 2 wherein the second heating 1s
for about two hours.

5. The method of claim 2 wherein the third heating 1s for
about two hours and fifteen minutes.

6. The method of claim 1 including subjecting the coated
substrate to a first heating at a first temperature of about 250°
C., followed by a second heating to a second temperature of
about 300° C. followed by a third heating to a third tem-
perature of about 400° C.

7. The method of claim 1 including heating the coated
substrate by increasing the heating temperature by about 1°
C./minute to about 6° C./minute to a final temperature of
about 350° C. to about 800° C.

8. The method of claim 1 including heating the coated
substrate to about 400° C. by increasing the heating tem-
perature by about 1° C./minute to about 6° C./minute.

9. The method of claim 1 wherein the heating takes place
In an oxygen-containing atmosphere.

10. The method of claim 1 including providing a majority
of the particles having diameters of less than about 50
microns.

11. The method of claim 1 including providing the coating
having an internal surface area of about 1 m*/gram to about
1,500 m*/gram.

12. The method of claim 1 including providing the coating
having a thickness of about a few hundred Angstroms to
about 0.1 millimeters.

13. The method of claim 1 including selecting the first
pseudocapacitive metal compound from the group consist-
ing of an oxide, a nitride, a carbon nitride, a carbide, and
mixtures thereof.

14. The method of claim 1 including selecting the first
metal from the group consisting of ruthenium, molybdenum,
tungsten, tantalum, cobalt, manganese, nickel, iridium, 1ron,
titanium, zirconium, hafnium, rhodium, vanadium, osmium,
palladium, platinum, niobium, and mixtures thereof.

15. The method of claim 1 including providing a second
metal 1 the thermal spray deposited coating.

16. The method of claim 1 including selecting the second
metal from the group consisting of tantalum, titanium,
nickel, iridium, platinum, palladium, gold, silver, coballt,
molybdenum, ruthenium, manganese, tungsten, 1ron,
zirconium, hatnium, rhodium, vanadium, osmium, niobium,
and mixtures thereof.

17. The method of claam 1 including providing the
thermal spray deposited coating as a mixture of ruthenium
and tantalum.

18. The method of claim 1 including selecting the sub-
strate from the group consisting of tantalum, titanium,
nickel, molybdenum, niobium, cobalt, stainless steel,
tungsten, platinum, palladium, gold, silver, copper,
chromium, vanadium, aluminum, zirconium, hafnium, zinc,
iron, and mixtures thereof.

19. The method of claim 1 including subjecting the
substrate to a first treatment prior to contacting 1t with the
thermal spray deposited coating, wherein the first treatment
increases the substrate’s surface area in comparison to that
of the substrate 1n a pre-treatment condition.
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20. The method of claim 1 mcluding contacting the
substrate with an acid, thereby increasing the substrate
surface area.

21. The method of claim 20 including selecting the acid
from the group consisting of hydrofluoric acid and hydro-
chloric acid.

22. The method of claim 21 including providing the acid
as an acid solution 1ncluding ammonium bromide and
methanol.

23. The method of claim 1 including increasing the
substrate surface area by mechanical means including rough
threading, grit blasting, scraping, plasma etching, abrading
and wire brushing.

24. The method of claim 1 including subjecting the
substrate to a second treatment prior to contacting it with the
thermal spray deposited coating, wherein the second treat-
ment increases the substrate’s electrical conductivity in
comparison to that of the substrate in a pre-treatment con-
dition.

25. The method of claim 1 including providing the
substrate having a thickness of about 0.001 to about 2
millimeters.

26. The method of claim 1 including selecting the thermal
spray deposited process from the group consisting of a high
velocity oxygen fuel flame spray coating process, an
clectric-arc spraying process, a plasma spray coating
process, a powder flame spraying process, a wire/rod flame
spray coating process and a detonation/explosive flame
spray coating process.

27. A method for providing a capacitor electrode having
pseudocapacitive properties, comprising the steps of: pro-
viding a substrate having a surface to be coated; providing
a first pseudocapacitive metal compound comprising a first
metal; heating the substrate to a temperature up to about
800° C.; and contacting the heated substrate with the first
pseudocapacitive metal compound thermal spray deposited
on the substrate surface.

28. A method for providing a capacitor electrode, com-
prising the steps of:

a) providing a substrate having a surface to be coated;
b) providing a ruthenium-containing compound,

c) contacting the substrate surface with particles of the
ruthenium-containing compound thermal spray depos-
ited thereon; and

d) heating the substrate to a temperature up to about 800°
C. either just before 1t 1s contacted with the ruthenium-
containing compound or after being so contacted.

29. The method of claim 28 including providing the

ruthenium-containing compound as an oxide of ruthenium
and tantalum.

30. A method for providing a capacitor cathode, compris-
ing the steps of:

a) providing a tantalum substrate;

b) providing an oxide compound of ruthenium and tan-
talum;

c) contacting the substrate with particles of the oxide
compound thermal spray deposited thereon; and

d) heating the substrate to a temperature up to about 800°
C. either just before 1t 1s contacted with the oxide
compound of ruthenium and tantalum or after being so
contacted to provide the cathode.
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